The signal recognition particle (SRP)-mediated elongation arrest of the synthesis of nascent secretory proteins can be released by salt-extracted rough microsomal membranes (Walter, P., and G. Blobel, 1981, J. Cell Biol, 91:557-561). Both the arrest-releasing activity and the signal peptidase activity were solubilized from rough microsomal membranes using the nonionic detergent Nikkol in conjunction with 250 mM KOAc. Chromatography of this extract on SRP-Sepharose separated the arrest-releasing activity from the signal peptidase activity. Further purification of the arrest-releasing activity using sucrose gradient centrifugation allowed the identification of a 72,000-dalton polypeptide as the protein responsible for the activity. Based upon its affinity for SRP, we refer to the 72,000-dalton protein as the SRP receptor. A 60,O00-dalton protein fragment (Meyer, D. I., and B. Dobberstein, 1980, J. Cell Biol., 87:503-508) that had been shown previously to reconstitute the translocation activity of proteasedigested membranes, was shown here by peptide mapping and immunological criteria to be derived from the SRP receptor. Findings that are in part similar, and in part different from these reported here and in our preceding paper were made independently (Meyer, D. I., E. Krause, and B. Dobberstein, 1982, Nature (Lond.). 297:647-650) and the term "docking protein" was proposed for the SRP receptor. A lower membrane content of both SRP and the SRP receptor than that of membrane bound ribosomes suggests that the SRP-SRP receptor interaction may exist transiently during the formation of a ribosome-membrane junction and during translocation.
In the preceding paper (1) we described a sensitive and quantitative assay for an activity that is present in salt-extracted microsomal membranes (K-RM) and that is capable of releasing the signal recognition particle (SRP)-mediated elongation arrest of the synthesis of nascent secretory polypeptides. Based on the premise that this arrest-releasing activity was expressed by the cytoplasmic domain of an integral membrane protein that functions as an SRP receptor (2) , we attempted to solubilize the cytoplasmic domain as an active fragment using mild proteolysis. Although we did not succeed in obtaining a soluble proteolytic fragment that by itself exhibited arrest-releasing activity, we were nevertheless able to demonstrate that this activity could be proteolytically dissected into a soluble and a membrane-bound fraction. Neither of these two fractions was active when assayed separately, but when recombined, they were capable of restoring the arrest-releasing activity (1). However, recombining the two fractions also restored the translocation activity of the microsomal membranes (1, 3, 4) . There-fore, in order to characterize the arrest-releasing activity separately from the process of chain translocation, it was necessary to solubilize the microsomal membrane with detergent.
In this paper we show that the arrest-releasing activity of K-RM can be solubilized by a combination of the nonionic detergent Nikkol and a moderately high salt concentration. The partial purification of the solubilized, active SRP receptor was accomplished by exploiting the anticipated salt-dependent interaction with SRP (I, 2). Thus, SRP coupled to Sepharose CL-4B was prepared and used as an affinity adsorbent. The majority of the detergent-solubilized protein (~97%) and the signal peptidase activity did not bind to the column. However, all of the arrest-releasing activity bound and was eluted with a buffer containing 250 mM KOAc. Further purification by sucrose gradient centrifugation yielded an active fraction in which a 72,000-dalton protein was predominant, strongly suggesting that this protein is the SRP receptor. The 72,000-dalton protein was then shown to be chemically and immunologically THE JOURNAL Of CELL BIOLOGY -VOLUME 95 NOVEMBER 1982 470-477 related to the 60,000-dalton protein fragment that had been previously purified from elastase digests of the detergent-insoluble residue of microsomal membranes (4, 5). The 60,000dalton protein fragment had been previously shown to be derived from a 72,000-dalton integral membrane protein (6) . More recently, Meyer et al. (7) have independently demonstrated that the 72,000-dalton protein is required for the release of the elongation arrest and they have termed it the "docking protein."
MATERIALS AND METHODS

Materials
Staphylococcus aureus Ve protease was from Miles Laboratories, Inc., Elkhart, IN. CNBr-activated Sepharose CL-4B, CM-Sepharose CL-6B, and Sephadex G-25 were from Pharmacia Fine Chemicals, Uppsala, Sweden. Hydroxylapatite (Biogel-HTP) was from Bio-Rad Laboratories, Richmond, CA.
[12sI]-Bolton-Hunter reagent (2,000 Ci/mmol) was from New England Nuclear, Boston, MA. All other reagents were from the sources listed in the preceding paper (l). The 1 M triethanolamine stock buffer was adjusted to pH 7.5 at room temperature with acetic acid, and as such, is referred to as TEA.
General Methods
The preparation of K-RM and the isolation of SRP was accomplished as described previously (8) . The 60,000-dalton protein fragment generated by elastase digestion of detergent-treated K-RM was prepared by the method of Meyer and Dobberstein (5) . The arrest-releasing activity assays (l) were modified to contain 0.1% Nikkol (octaethyleneglycol-mono-N-dodecyl ether, Nikko Chemicals Co., Ltd. Tokyo, Japan) and were conducted at 23°C. Signal peptidase was assayed cotranslationally (9) using a final Nikkol concentration of 0.1% in translations that were identical to those used for the arrest-releasing activity assay except that SRP was not included (1). The quantification of in vitro translation products (3, 8) and the calculations for the arrest-releasing activity assay were described in the preceding paper (1). Protein assays were done using the method of Schaffner and Weissman (10) .
Buffers
(A) 500 mM NaH2PO,, pH 6.5, 0.01% Nikkol, (B) 250 mM sucrose, 50 mM TEA, 50 mM KOAc, 5.0 mM Mg(OAc)~, 0.5% Nikkol, 1 mM dithiothreitol (DTT), (C) 250 mM sucrose, 50 mM TEA, 250 mM KOAc, 5.0 mM Mg(OAc)2, 0.5% Nikkol, 1 mM DTT, (D) 25 mM 4-(2-hydroxyethyl)-l-piperazmeethanesulfonic acid (HEPES), pH 7.5, 50 mM KOAc, 0.5% Nikkol. 1 mM DTT.
Preparation of SRP-Sepharose
A 10-ml sample of purified SRP (1.6 mg of protein, 40,000 U [8] of activity) was concentrated by chromatography on a 0.5-ml hydroxylapatite column using the adsorption conditions that were described previously (1 I). Concentration of the dilute SRP preparation was necessary before coupling to the CNBr-activated Sepharose CL-4B. The column was eluted with Buffer A and a 0.5-ml fraction was collected. A 100-/~1 aliquot was assayed for SRP activity (11) and protein content after it was salt exchanged by chromatography on a Sephadex G-25 column. The remaining 400/d of the elnant of the hydroxylapatite column (7, 200 U of SRP activity, 520 ~tg of protein) were coupled to 1.0 ml of CNBr-activated Sepharose CL-4B in Buffer A. The coupling of the SRP to the support was complete after 12 h of incubation at 4°C. To block excess active groups, coupling was followed by a 5-h incubation at 4°C with 200 mM ethylamine in Buffer A. The SRP-Sepharose was washed with 100 ml of 250 mM sucrose, 50 mM TEA, 500 mM KOAc, 5 mM Mg(OAc)z, 1 mM DTT, 1% Trasylol, 0.01% Nikkol, 0.002% NaN3 and was stored in this buffer between uses.
Purification of the 5RP Receptor
Detergent extracts of K-RM were prepared at a final membrane concentration of 1 eq/vl in 125 mM sucrose, 50 mM TEA, 250 mM KOAc, 1 mM DTT. The membrane suspension (10 ml) was adjusted to a final Nikkol concentration of 1% using a 10% stock solution of the detergent. After incubation for 15 min at 0°C, 5.0 ml of the extract was layered over a 1.0-ml cushion of 0.5 M sucrose, 50 mM TEA, 250 mM KOAc, 1% Nikkol, 1 mM DTT in Beckman Type 40 rotor centrifuge tubes (Beckman Instruments, Inc., Fullerton, CA). After centrifugation for 2 h at 100,000 g.v in a Beckman type 40 rotor the material above the sucrose cushion was collected and adjusted to Buffer B by chromatography on Sephadex G-25. The desalted detergent extract (11 ml) was applied to a 0.8 ml SRP-Sepharose column (equilibrated in Buffer B) at a flow rate of 3 ml/h after a 40-~tl aliquot of a protease inhibitor solution (25 ~tg/ml pepstatin A, 25 ~g/ml leupeptin, 25 #g/ml chymostatin, 25 #g/ml antipain, 250 U/ml trasylol) was added to the desalted detergent extract. This amount of extract contained enough SRP receptor to saturate a 3.2-ml SRP-Sepharose column. Preliminary experiments indicated that deliberate overloading of the alTmity column resulted in lower nonspecific adsorption of contaminating proteins. After application of the sample, the column was washed with 4.0 ml of Buffer B and then eluted with 1.6 ml of Buffer C.
To concentrate the SRP receptor, the eluate was first diluted with four volumes of Buffer D from which the KOAc had been deleted, and was then applied to a 250/~1 CM-Sepharose CL-6B column that was equilibrated in Buffer D. The CM-Sepharose column was washed with 0.5 ml of Buffer D, and eluted with Buffer D that had been adjusted to 500 mM KOAc. As soon as this buffer eluted from the column a 325-~d fraction was coUected. No purification of the SRP receptor was observed during this concentration column.
To further purify the SRP receptor, a 200-#1 sample of the CM-Sepharose eluate was applied to a 5.0 ml, 5-20% (wt/wt) sucrose gradient in Buffer C, containing an additional 10/*g/ml of autoclaved gelatin as carrier protein. After centrifugation for 18 h at 48,000 rpm in a Beckman SW 50.1 rotor, the gradients were fractionated into 17 fractions of equal volume.
Peptide Mapping
One-dimensional peptide maps of the SRP receptor and the purified 60,000dalton protein fragment (5) were prepared using the procedure for direct digestion of proteins in gel slices (12) . The 60,000-dalton protein fragment and the 72,000dalton SRP receptor were detected by Coomassie Blue staining after SDS PAGE, excised from the gel, and then applied to the peptide mapping gel The peptides generated by digestion with 1 t~g of Staphylococcus aureus Vs protease were resolved by SDS PAGE and visualized using a silver staining procedure (13) .
Antibody Identification of Antigens on Nitrocellulose Blots
The transfer of proteins from polyacrylamide gels to nitrocellulose sheets and the subsequent antibody identification of antigens was accomplished as described previously (14) except that the second antibody (goat-anti-rabbit IgG) was labeled with ~2~I (100,000 cpm per lane) using Bolton-Hunter reagent. The antiserum against the 60,000-dalton protein fragment was a generous gift from Dr. David Meyer (6) .
RESULTS
Solubilization of the 5RP Receptor with Nonionic Detergent and Salt
The observation that the SRP receptor, as detected by its arrest-releasing activity, was not extracted by 500 mM salt suggested that the SRP receptor might be an integral membrane protein. Purification of such a protein requires prior solubilization of the membranes with detergent. The detergent used must not inactivate the arrest-releasing activity and, moreover, must not interfere with the translation system if the solubilized proteins are to be assayed in the arrest-releasing activity assay directly (i.e., without prior removal of detergent). We decided to use the nonionic detergent Nikkol because it had been previously shown that this detergent did not adversely effect the cell free translation system (9). Furthermore, inclusion of 0.1% Nikkol in the cell free translation system did not prevent the SRP-induced translation arrest of preprolactin synthesis (Fig. 1, 
panel A, compare lanes a and i).
To test for solubilization of the SRP receptor we incubated K-RM with 1% Nikkol, separated the solubilized extract from the insoluble material by high speed centrifugation, and assayed the supernatant for arrest-releasing activity. No activity was present in the supernatant (Fig. 1, panel when K-RM were incubated with 1% Nikkol at a moderately high salt concentration (250 mM KOAc). When increasing quantities of the extract were added to the assays the percent inhibition of secretory protein synthesis decreased, thereby indicating that this assay could be used for the quantification of the SRP receptor after detergent solubilization ( Fig. 1 , panel A, lanes b-g; panel B; and panel C, closed squares). No increase in the efficiency of the solubilization of the arrest-releasing activity occurred when either the detergent or the KOAc concentration was increased (data not shown). Although it is not strictly valid to compare the arrest-releasing activity in the detergent extracts with that observed in K-RM due to differences in the assay conditions, it is apparent that similar levels of activity are observed before and after solubilization (compare panel C from this figure to panel C from Fig. 1 of the preceding paper).
It is important to note that signal peptidase was also solubilized under these conditions as shown by the synthesis of both prolactin and preprolactin ( Fig. 1, panel B) . However, the synthesis of prolactin was no longer directly coupled to the release of the SRP-induced translation arrest. As demonstrated below signal peptidase cannot be responsible for the arrestreleasing activity.
Purification of the SRP Receptor by SRP Affinity Chromatography
If the protein responsible for the arrest-releasing activity interacts directly with SRP, as proposed previously (1, 2), then immobilized, Sepharose-linked SRP (see Methods) should be a useful affinity adsorbent for its purification.
Chromatography of the solubilized and desalted SRP receptor on a 100-#1 SRP-Sepharose column was used to determine optimal conditions for its adsorption and elution (Fig. 2) . After application of the sample the column as eluted with a series of bufferscontaining 50 raM, 100 raM, 150 mM, and f'mally 250 mM KOAc. The eluant fractions were assayed for signal peptidase activity (expressed as % Processing in Fig. 2, panel A) , for arrest-releasing activity (expressed as cpm in preprolactin plus prolactin, Fig. 2, panel A) , and for total protein (Fig. 2,  panel B ). Fraction 0 corresponds to an assay of the column equilibration buffer.
It can be seen that the bulk of the detergent-solubilized proteins (~97%) did not bind to SRP-Sepharose (Fig. 2, panel  B) . In contrast, the arrest-releasing activity was quantitatively bound and was eluted only at salt concentrations in excess of 100 mM KOAc (Fig. 2, panelA, fdled squares) . It was apparent from the elution profile that a salt concentration of 250 mM KOAc in the elution buffer would be required to obtain a concentrated peak of the arrest-releasing activity. >90% of the signal peptidase activity was not bound to the column (Fig. 2 , panel A, filled circles) although detectable activity was observed in all of the eluant fractions. These results demonstrated conclusively that the signal peptidase activity and the arrestreleasing activity are not expressed by a single protein.
Experiments such as those shown in Fig. 2 were used to determine that a 100-pl SRP-Sepharose affinity column could maximally bind the SRP receptor present in the detergent extract prepared from 300 eq of K-RM. It was observed, reference 1) for the assays supplemented with the 1% Nikkol, 250 mM KOAc extract of K-RM (R), and the 1% Nikkol extract of K-RM (i3). however, that deliberate overloading of the column resulted in a decrease in the nonspecific adsorption of contaminating proteins. As this purification was directed towards maximal purity rather than maximal yield, further purification experiments were performed using deliberately overloaded affinity columns.
Further P u r i f i c a t i o n o f the SRP Receptor b y Sucrose G r a d i e n t C e n t r i f u g a t i o n
Analysis of the active fractions from the SRP-Sepharose column by SDS PAGE indicated the presence of a considerable number of polypeptides ( Fig. 3, panel A, lane L) . To obtain further purification, the eluate from the SRP-Sepharose col- umn was subjected to sucrose density gradient centrifugation. The collected gradient fractions were then analyzed in the SRP receptor assay (Fig. 3, panels B and C) and by SDS PAGE (Fig. 3, panel A) . The SRP receptor activity was found to peak at gradient fractions 5 and 6 ( Fig. 3, panel B and C) . The peak of activity was congruent with the staining intensity peak of a 72,000-dalton polypeptide band (indicated by an arrowhead in lanes 5 and 6 of Fig. 3, panel A) . An examination of panel A shows that no other visible Coomassie-Blue staining band comigrated exactly with the activity peak, therefore we assigned the 72,000-dalton polypeptide as the SRP receptor. A 30,000dakon polypeptide that is also visible in fractions 5 and 6 of the sucrose gradient appeared to sediment slightly slower than the activity peak both in this experiment and in other sucrose gradient experiments. For this reason, we do not believe that the 30,000-dalton polypeptide is responsible for the arrestreleasing activity or that it constitutes a subunit of the SRP receptor.
Quantitative Aspects of the Purification
The starting material and the fractions obtained during the purification procedure were monitored by SDS PAGE (Fig. 4) . In RM (lane b) and EDTA-treated RM (lane c), a 72,000dalton band was not visible as a distinct band, being largely obscured by other major polypeptides. In K-RM (lane d) and the Nikkol extract (lane e) a 72,000-dalton band was barely visible. However, after SRP-Sepharose affinity chromatography (lane f ) a 72,000-dalton band was clearly visible as a major band and it was the predominant polypeptide in the active fraction from the sucrose density gradient (lane g, indicated by an arrow). Nevertheless it is clear that a purification to homogeneity of the SRP receptor has not yet been accomplished.
Another semiquantitative point that is evident from the data in Fig. 4 is that the 72,000-dalton protein appears to be present in RM in considerably less than stoichiometric amounts with respect to ribosomal proteins. The latter can be seen as major bands in the 10,000-40,000 dalton range in RM (lane b) from which they are known to be largely removed by extraction with EDTA (15) (lane c) and salt (16) (lane d).
The extent of purification of the 72,000-dalton SRP receptor was quantitatively estimated from the arrest-releasing activity assays of fractions obtained during the purification. We defined one unit of arrest-releasing activity as that quantity of SRP receptor that reduces the SRP-mediated inhibition of preprolactin plus prolactin synthesis by 25% under the standard assay conditions (see Fig. 1, panel C) . The data in Table I summarize the recovery and enrichment of the SRP receptor relative to the starting detergent extract. The detergent extract contained 17% of the protein that was present in the rough microsomal membrane fraction. The yield of active SRP receptor that eluted from the SRP-Sepharose colunm represents -80% of the activity that had initially adsorbed to the affinity column. ~75% of the activity applied to the sucrose gradient was recovered in fractions 4-7 ( Fig. 3 ) that contained the 72,000dalton polypeptide. The other sucrose gradient fractions did not contain detectable arrest-releasing activity (Fig. 3) .
Relationship between the 5RP Receptor and Proteolytically Genera ted Fragrnents
The recent identification (6), by immunoprecipitation with antibodies raised against the 60,000-dalton protein fragment, of a 72,000-dalton holoprotein, raised the question whether the immunoprecipitated holoprotein and the purified 72,000-dalton SRP receptor were related. We used two approaches to answer this question. * The protein content of the fractions was determined by the method of Schaffner and Weissman (10) except for the sucrose gradient peak fraction which was estimated by comparing densitometric scans of lanes land g o f Fig. 4 . ~ The detergent extract was derived from 10,000 eq of RM (78.3 mg protein). § A fourfold excess of SRP receptor relative to the column capacity was applied to the affinity column.
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First, we prepared the 60,000-dalton protein fragment according to the published procedure (5) and compared its onedimensional Va protease-generated peptide map to that of the 72,000-dalton SRP receptor (Fig. 5 ). The starting material is shown in lanes a and b and the corresponding Vs proteasegenerated peptide maps are shown in lanes c and d, with a Vs protease control in lane e. Three peptide fragments (42,000, 19,000, and 12,000 daltons) were common to both test polypeptides (compare lanes c and d). One unique peptide fragment, which could have been generated from portions of the polypeptides near the initial elastase cleavage site, was observed for each protein.
Our second method for determining the relationship between the 60,000-dalton protein fragment (5) and the purified 72,000dalton SRP receptor was an immunological one. We used the antiserum prepared by Meyer et al. (6) which was raised against the 60,000-dalton protein fragment to probe polypeptides that (5) . The proteins were blot-transferred onto two separate nitrocellulose sheets and probed with antiserum to the 60,O00-dalton protein fragment (6) . The autoradiograms of the two nitrocellulose sheets were then aligned to show a common migration for the 72,000-dalton SRP receptor using a K-RM standard run on both gels (the K-RM lane is only shown for one gel).
were blot-transferred from polyacrylamide gels onto nitrocellulose sheets (Fig. 6 ). We found, that the antiserum labeled a 72,000-dalton polypeptide that was present in RM (lane a), Thus we conclude both from our peptide mapping and immunological data, that the 72,000-holoprotein identified by immunoprecipitation (6) is, in fact, identical to the 72,000dalton protein that was purified and identified here as the SRP receptor.
We used the same antiserum to characterize immunoreactive fragments present in the crude supernatant fractions (see preceding paper) that were derived by protease digestion of K-RM with trypsin (Fig. 6 , lane e) or elastase (Fig. 6, lane f) . For comparison, we also tested the 60,000-dalton protein fragment purified as described by Meyer and Dobberstein (5) (Fig. 6,  lane g) . The results show a major immunoreactive polypeptide of 60,000 daltons in all three preparations. Thus, it is clear that the cytoplasmic portion of the SRP receptor is severed as a domain by trypsin and elastase at closely adjacent sites. Moreover, as the procedure of Meyer and Dobberstein (5) involves a detergent treatment of microsomal membranes before the elastase digestion, it can be concluded that elastase cleavage of the SRP receptor occurs at a similar site in both "native" K-RM (Fig. 6, lane f ) and in the detergent insoluble membrane residue (Fig. 6, lane g) . The 60,000-dalton protein fragment prepared by the method of Meyer and Dobberstein (5) also contained the 72,000-dalton holoprotein (Fig. 6 , lane g, indicated by an arrow). Similar amounts of the 72,000-dalton intact protein were also noted previously in preparations of the 60,000-dalton protein fragment (Meyer et al., reference 6, Fig.  1, lane 6) .
The existence of a protease-sensitive site in the SRP receptor together with the demonstrated extractability of the 60,000dalton protein fragment by high salt (4) raised the possibility that K-RM might be more or less deficient in the SRP receptor, depending on the extent of "endogenous" proteolysis. To investigate this possibility we examined the immunoreactive polypeptides in equivalent amounts of RM and K-RM using the antiserum raised against the 60,000-dalton protein fragment (6) . It can be seen that RM indeed contained a 60,000-dalton protein fragment (Fig. 6, lane a) that was absent from K-RM (Fig. 6, lane b) . As much as 25% of the SRP receptor in this preparation of RM had been converted to the 60,000-dalton form of the protein, probably by endogenous proteolysis.
DISCUSSION
We have reported here the isolation of a 72,000-dalton integral membrane protein that is required for the translocation of proteins across the endoplasmic reticulum. The 72,000-dalton protein was shown to be responsible for the K-RM associated activity that releases the SRP-mediated elongation arrest of secretory protein synthesis (1, 2). Treatment of K-RM with nonionic detergent and moderately high salt was required to solubilize this integral membrane protein. Using these extraction conditions signal peptidase was also solubilized. However, chromatography of the extract on SRP-Sepharose demonstrated that the signal peptidase activity and the arrest-releasing activity were not expressed by a single protein. Thus, any interaction that may exist between the SRP receptor and signal peptidase in the microsomal membrane was apparently disrupted by solubilization with nonionic detergent at a moderately high salt concentration.
Although the mechanism for the release of the elongation arrest by the 72,000-dalton protein is not known, we have demonstrated a specific salt dependent interaction between SRP and this protein. Based upon this interaction and the results of the preceding paper (1) using intact and proteasedigested membranes, we propose that the 72,000-dalton protein functions as a membrane-bound receptor for SRP. The interaction between the 72,000-dalton SRP receptor and a ribosome that is elongation-arrested by SRP would be one mechanism for insuring that a productive ribosome-membrane junction (i.e., one that results in chain translocation) would occur between ribosomes synthesizing secretory, lysosomal, and certain integral membrane proteins and discrete translocationally competent sites upon the cytoplasmic face of the rough endoplasmic reticulum membrane (2, 7, 17) .
We have estimated that 1 eq of dog pancreas microsomal membranes contains -500 fmol of bound ribosomes and ~20 fmol of SRP (11). A rough estimate of the membrane content of the SRP receptor (~100 fmol per equivalent of RM) was made based upon the Coomassie-Blue staining intensity of the 72,000-dalton protein band that is faintly visible in K-RM. Apparently, the membrane content of both SRP and the SRP receptor is less than that of bound ribosomes. This suggests that the ribosome-SRP-SRP receptor interaction might be a transient one, merely targeting the SRP-arrested ribosome to a specific membrane site that is represented in part by the SRP receptor, and in part by other integral membrane proteins. The latter could be represented by ribophorins I and II, which have been characterized by Kreibich and Sabatini and their co-
